1 T radiTionally, WBRT has been the standard approach to minimize the risk of intracranial recurrence following resection of brain metastases. Almost 2 decades ago, Patchell et al. 16 established the superiority of resection of solitary metastases followed by WBRT compared with WBRT alone with regard to survival, local control, and length of functional independence. A subsequent study by the same group failed to demonstrate a survival advantage for the addition of WBRT compared with resection alone in patients with a solitary intracranial metastasis, although the likelihood of local and distant recurrence and death from neurological causes were significantly reduced by WBRT.
opted a combined approach to the treatment of patients with 1-4 brain metastases utilizing resection of solitary and bulky metastases followed by SRS to the operative bed and remaining lesions.
In 2007, we published our initial experience of 32 patients treated with this novel approach. 17 We demonstrated a local recurrence rate of 6.25%, which was equivalent to the recurrence rate achieved with WBRT. The median survival was 16.4 months, and 72% of our patients were spared WBRT. Since this publication, authors from other institutions have published similar focused techniques with favorable outcomes. 5, 8, 22 This paper updates our experience using this treatment approach with additional patients and more mature follow-up.
Methods
From November 2000 to June 2009, 52 patients with newly diagnosed limited intracranial metastatic disease (≤ 4 lesions) were offered resection of solitary accessible lesions or bulky (> 3.5 cm) disease in the setting of multiple lesions, followed by adjuvant SRS. No patient had received prior intracranial radiotherapy. The SRS was delivered to the operative bed and remaining lesions 4-6 weeks after resection. The patient records were retrospectively reviewed, and data regarding the following variables were recorded: age; sex; primary pathology; RTOG RPA class; 6 extent of extracranial disease (based on preoperative staging enhanced CT or PET/CT of chest, abdomen, and pelvis); the number, site, and size of brain metastases; extent of resection (gross vs subtotal, as evidenced by 24-hour postoperative MR imaging); postoperative complications and hospitalization; and SRS dose and treatment volume. This study was approved by the Allegheny General Hospital Institutional Review Board as a retrospective review of existing clinical records.
Patients underwent resection assisted by frameless neuronavigation techniques. All patients underwent a gadolinium-enhanced brain MR imaging study (slice thickness 2-3 mm) 4-6 weeks postoperatively. This was followed on the same day by placement of a stereotactic head frame under local anesthesia. A treatment planning CT of the head was then obtained and the MR imaging and CT image sets were fused. The contrast-enhancing edges of the operative bed and other lesion(s), if any, were delineated by the radiation oncologist and neurosurgeon on the MR images. Treatment plans for patients treated before May 2008 (44 patients) were designed for optimum conformality using one of the 3 following techniques on the XKnife RT-3.0.1 software (Radionics): 1) circular arcs using cones, 2) collimated circular arcs using cones and jaws, or 3) conformal fixed beams using the Radionics 4-mm-leaf mini-MLC. They were treated on a Varian 2100C linear accelerator with a couch mount for fixation of the head ring. Treatment plans for patients treated after May 2008 (8 patients) were designed using one of the 2 following techniques on the iPlan software (BrainLAB): 1) circular arcs using cones, or 2) conformal arcs using the 5-mm-leaf MLC (Siemens Medical Solutions). They were treated on a Siemens Primus or Siemens Artiste linear accelerator. Early on, dose selection was variable, physician dependent, and based upon RTOG 90-05 volume-dependent SRS guidelines. 20 Target volumes, operative beds, and other lesion(s) were also prescribed to the 80-90% isodose line without a margin. In our current approach, planning treatment volumes encompass the tumor bed/lesion plus T1-weighted MR imaging enhancement plus a 2-mm margin, and dose is prescribed to the 80% isodose line (Fig. 1) . The prescribed dose is volume dependent, based on RTOG guidelines, and ranges from 15 to 20 Gy.
Follow-up MR imaging was performed 1 month post-SRS and then at 3-month intervals thereafter. If fewer than 3 new lesions were diagnosed on follow-up imaging and if they were < 3.5 cm in size and patients were classified as RTOG RPA Class 1 or 2, the treatment was salvage SRS to the new lesions; otherwise WBRT was recommended.
Survival and postoperative time of recurrence were determined by the method of Kaplan and Meier 9 and statistical calculations performed with MedCalc for PC 9.2.0.1. Local brain recurrences were defined as the presence of nodular contrast enhancement adjacent to the resection cavity on MR images. Distant brain recurrences were defined as the presence of limited (≤ 3 lesions) or diffuse metastases outside of the SRS resection cavity volume.
Results
Fifty-two consecutive patients were treated in the above manner. There were 24 women, and the median age of the entire cohort was 61 years (range 31-85 years). The primary tumor type was non-small cell lung in 24, 9 breast, 3 each of renal and colon, 2 gastric, 5 unknown, and 1 each from 6 various other sites. Twenty-two and 30 patients were classified as RTOG RPA Class 1 and Class 2, respectively. Each patient had a single metastasis removed; 34 patients had a solitary metastasis, 13 har- ). The median survival for the current cohort of 52 patients was 15.0 months (Fig. 2 ) with a 13-month median follow-up. The updated median survival of the original cohort of 32 patients was 16.5 months with a 17-month median follow-up. At the time of the analysis, 15 patients were still alive. Univariate log-rank analysis showed the following factors to be significantly associated with longer survival: solitary tumor (19.0 vs 12 months, p = 0.02) (Fig. 3) , RPA Class 1 (21 vs 13 months, p = 0.03), and no extracranial disease (22 vs 13 months, p = 0.01) (Fig. 4) . Cox multivariate analysis showed significant associations with longer survival for only 2 factors: no extracranial disease (p = 0.01) and solitary metastasis (p = 0.02). Among patients with no extracranial disease, a solitary metastasis conferred a significant additional survival advantage (43 vs 10.5 months, p = 0.05, log-rank test) (Fig. 5 ).
There were 4 local recurrences within the surgical site (7.7% of 52 cases), although there was no statistically significant relationship between dose or volume and local control (p = 0.46, logistic regression). The median time to local recurrence after resection was not reached. A total of 23 patients (44%) ultimately developed distant brain recurrences at a median of 16 months postresection. Sixteen (30.7%) received salvage WBRT, 4 for ini- 
Discussion
Adjuvant WBRT is an accepted therapy following resection in patients with limited intracranial metastatic disease and controlled extracranial disease. Although WBRT has been shown to decrease local and distant brain recurrence and death from neurological causes, a survival advantage has not been demonstrated when WBRT was added to resection or SRS in randomized trials. 1, 15 Wholebrain radiation therapy has also been associated with both acute detriment in quality of life and delayed neurocognitive effects.
3,4,10, 13 We therefore adopted and published a novel approach of offering patients with 1-4 brain metastases resection of solitary and bulky intracranial metastatic disease followed by SRS to the operative bed and remaining lesions. 17 The rationale for adjuvant SRS to the operative bed is to maintain the local control benefits of radiation and surgery without introducing the risks of acute and chronic morbidities associated with WBRT. Our observed local recurrence rate of 7.7% compares favorably with published local failure rates at the surgical site following WBRT (range 10-20%) and is superior to the 46% failure rate reported for resection alone. 15, 16 Utilizing a similar adjuvant SRS approach to the operative bed, Soltys et al. 22 reported an overall local failure rate of 14% in 69 irradiated beds with 100% control achieved by adding a 2-mm margin around their resection cavities. Do et al. 5 demonstrated a 12% local failure rate when using either adjuvant SRS or SRT to 33 resection cavities. Jagannathan et al. 8 recently reported a 6% local recurrence rate in 47 patients who received adjuvant SRS, including 3 who received upfront WBRT. 8 Distant brain recurrence occurred in 44% of our patients-a rate similar to the recurrence rates of 37-53% reported in previous studies in which WBRT was not used. 7, 15, 18, 22 Although higher than the 28% in our original report, the rate of 44% is more in keeping with what has been reported in other literature and the increase is probably the result of more mature follow-up. 17 Concern regarding distant brain recurrences when omitting WBRT is a source of controversy. Patchell et al. 15 and Regine et al. 18 reported increased death from neurological causes when omitting WBRT following resection and "decreased neurologic deficit progression-free survival" with SRS alone, respectively. However, Aoyama et al., 1 in a Phase III randomized trial comparing the combination of SRS and upfront WBRT to SRS alone, failed to demonstrate a significant difference in deaths from neurological causes at 1 year (19 vs 23%, respectively) despite respective 12-month brain tumor recurrence rates of 46.8 and 76.4%. In a follow-up paper, Aoyama et al.,
2 assessed neurocognitive function in 92 of these patients using the MMSE. They found greater decline in 3-year actuarial MMSE scores in patients receiving WBRT with SRS versus those receiving SRS alone and concluded that the long-term adverse effects of WBRT on neurocognitive function might not be negligible. Soltys et al. 22 also reported a similar 25% death rate from neurological causes in 72 patients treated with adjuvant SRS alone following resection, despite a 1-year actuarial distant intracranial failure rate of 53%. In their study using adjuvant SRS/ SRT to the resection bed, Do et al. 5 also showed that even with a high distant brain recurrence rate of 63%, they were able to achieve prolonged "neurologic-specific survival" and "neurologic deficit-free survival," reporting rates of 75 and 63%, respectively, at 1 year. Forty-seven percent of their patients, however, did require salvage WBRT to stabilize their neurological deficits, and the authors concluded that close follow-up with neurological examinations and MR imaging is necessary to detect early recurrence prior to symptoms. Thirty percent of our patients required salvage WBRT either because of recurrences (in the resection bed or elsewhere in the brain) that were found on surveillance MR imaging or because of failure of salvage SRS for limited disease. No factor examined (patient-, tumor-, or treatment-related) accounted for this, and WBRT was able to be delayed a median of 8.7 months in these patients. Salvage WBRT also played a role in 24-30% cases reported by Sneed et al. 21 and Hasegawa et al. 7 when attempting SRS alone to treat metastatic disease. Aoyama et al. 1 found that 16.4% of patients randomized to SRS alone in their study eventually required salvage WBRT.
Our median survival of 15 months is comparable or even superior to results in recently reported series ( Table  1) of cases of resected metastatic brain disease. Soltys et al. 22 and Kresl et al. 11 also used adjuvant SRS to the operative bed following resection and reported median survivals of 15.1 months and 14.9 months. Do et al. 5 used either adjuvant SRS or SRT to resection cavities and demonstrated a median survival of 12 months, identical to the result reported by Narayana et al. 12 in a Phase II study using SRS after resection of solitary metastases. In 2 separate series utilizing adjuvant WBRT following resection of solitary metastases, Patchell and colleagues 15, 16 reported a median survival of 10 and 11 months. Tendulkar et al. 23 reported their 20-year experience in the surgical treatment of 271 patients with solitary brain metastases (84% of patients receiving WBRT) and indicated a median survival of 10.2 months, with RTOG RPA Class 1 patients surviving a median of 21.4 months.
The 2 factors associated with improved survival following resection in our work were absence of extracranial disease at presentation and solitary brain metastasis. The RTOG RPA group was not an independent predictor of survival. This is in concordance with the recent communication of Regine et al. 19 Although some of the older literature had indicated that age (> 60 years) had a negative impact on postresection survival, more recent literature has not. 14, 22 We speculate that since age did not impact survival in our population (p = 0.79), the main distinction between RTOG RPA Class 1 and Class 2 (age > 65 years) became moot. We presume this enhanced performance among the elderly is due to judicious surgical selection, modest postoperative complications, and improved perioperative medical and anesthetic management. Such results would argue against employing any arbitrary age cut-off when deciding on management in an elderly but otherwise healthy patient with a brain metastasis.
Conclusions
The use of adjuvant SRS to the operative bed following resection of intracranial metastases results in a local intracranial recurrence rate equivalent to that achieved with adjuvant WBRT. Utilizing this approach in combination with SRS for unresected lesions, we were able to spare 70% of patients the potential acute and chronic morbidity associated with WBRT. Without specific regard to age, this approach can be used in select patients who are healthy, cooperative, and understand that higher rates of recurrence elsewhere in the brain are associated with this approach, requiring surveillance MR imaging of the brain every 3 months.
While we are encouraged by these data, they represent a single-institution retrospective experience. A randomized trial with formal quality-of-life and neurocognitive data would be useful to validate our results.
